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The charts of horizontal circulation in lakes and nearly landlocked bodies of ocean water are so thinly and widely scattered in physical and geological literature that we probably have missed some of the published examples. Most of the ones we found are illustrated in simplified form in Figs. I and 2. Examples of patterns from lakes of North America listed from 9 and-Locked Seas 13 north to south are: Lake Superior (1), Lake Huron (1-3), Lake Michigan (1, 4), Lake Ontario (1, 5), Lake Erie (1, 6), Great Salt Lake (7), and the Salton Sea (8, 9). Patterns also are available for the following lakes of Eurasia: Lake Constance-Bodensee (10, 11), Lake Neuchatel (12), Lake GenevaLeman ( These enclosed or nearly enclosed bodies of water span a range from 72? to 9? North latitude; unfortunately, no data of surface circulation were found for similar water bodies in the southern hemisphere. Where the methods by which the circulation was measured were reported, they consisted variously of drift bottles or drift cards, drogues, buoyed fishing nets, measurements with drift lines and current meters from anchored ships, tracing of increased salinity caused by excess evaporation, and computations from dynamic topography above prominent thermoclines. The short-term methods are significant only during average conditions. Some examples are based upon several methods.
The circulation patterns for all but one of the lakes and seas of Figs. I and 2 are generally counterclockwise. The pattern for the Aral Sea, however, is reported to have a clockwise circulation; whether this uniqueness is due to peculiarities of bottom topography or to perhaps erroneous interpretation of measurements is unknown, and it must remain an exception for the time being.
Cause of counterclockwise circulation: physical description
The general consistency in circulation patterns demands a general explanation. For estuaries and some small marginal seas the chief mechanism may be the inflow of light fresh water at the landward side and the outflow of mixed water at the mouth, where it is largely counterbalanced by inflow of denser ocean water. Similarly, the flow of light fresh water into lakes having no outlet (Salton Sea and Dead Sea) may be important. Such inflows of light water would produce a surface slope down which movement of water would be de- Fio. 1. Circulration ptterns for lakes simplified from original illustrations sited in the text: Lake Superior, Lake Constance, Lake Genevas Aral Sea, Lake Hurona Lake Michigane Lake OnLake.
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relatively O ainflow of water. Likewise} a EA, ,in heating could produce a slope that may give rise to a counterclockwise current, but this effect must be small; if it were important, the current would be counterclockwise only during the spring and early summer-before the development of a homogeneous surface layer-a restriction that seems not to be present.. In some specfic istances one would be inclined to attribute the observed circulation pattern to the topography of the basin bt in most ex amples such an argument also is unconvincing. The generality of the counterclockwise circulation in the northern hemisphere uggests that the cause is independent of basin shape an depth disrihution, and within limits aso f size. Therefore it will be convenient to examine how a counterclockwise circulation pattern may be set up in a circular basin of constant depth, which represents a theoretical model sufficiently idealized to exclude irrelevancies. It is well known that water movements in lakes and shallow seas are produced mainly by wind, that they are strongly influenced by the vertical stratification of the. water column, and that in the la.rger bodies of water they are also affected As shown by Roll (41), the stress exerted by the wind on a water surface depends critically on the air-water temperature difference. The stability of the air layer in contact with a water surface colder by several degrees than the air some distance above may completely suppress turbulence and reduce wind stress to zero. In the Great Lakes it is common to observe a completely smooth band of cold water, while the warmer water a few hundred meters away is covered by capillary waves, a clearly visible sign of wind stress. Even when the contrast is not quite so extreme, the wind stress magnitude is significantly affected by surface temperature changes of the order of 1?, or even 0.5?. This effect is further discussed quantitatively below.
It is also clear that in the presence of net surface heating a horizontal temperature gradient tends to become established, positive in the direction of surface drift. In sufficiently large basins (in practice, larger than a few km in size) and in the northern hemisphere the surface drift has a large component to the right of the wind ("Ekman drift"). Therefore, in the presence of net surface heating the water becomes warmer on the right-hand shore and is, in fact, dragged along more effectively by the wind. Aerial temperature surveys of the Great Lakes, for example, show clear evidence of this warming trend across wind, the temperature contrast being of the order of 1-2?. Fig. 3 illustrates this point. A much more pronounced temperature difference occurs between left-and right-hand shores when the wind stress is strong enough and acts long enough to produce upwelling of cold water. The upwelling occurs on the left-hand shore in the northern hemisphere, and it is under such circumstances that absence of wind stress may be observed over the upwelled water, while the warmer water not too far away is clearly acted upon by the wind. The exact dynamical effects on a stratified lake of such an asymmetrical distribution of wind stress are complicated, but they undoubtedly include a tendency to produce counterclockwise circulation of the wind-driven surface waters.
At least in temperate latitudes the winds are variable: as weather systems pass over a lake or marginal sea, windstress impulses are exerted on the water surface that change irregularly both in magnitude and direction. As a result, currents observable at any fixed point in such a lake or sea are highly variable. Near shore, for example, they alternate irregularly between the two shore-parallel directions. According to the above argument, however, the currents are somewhat stronger when they leave the shore to the right than in the opposite case. When the flow is averaged over a longer period, most of the irregular motion is cancelled out, but not the portion directly due to wind-stress curl; this portion is of the same sense regardless of wind direction or velocity and it should add up to a significant component of the mean flow pattern.
In concluding this section, it may be useful to point out two nonexplanations of counterclockwise circulation. One is the well-known property of certain long waves to progress in a counterclockwise direction along the periphery of a sufficiently large basin. Thus, the phase of the seiches or "wind tides" of Lake Erie progresses counterclockwise ( A second plausible explanation that does not work is that nonlinear momentum transport by the mean motion fortifies the right-hand shore "coastal jet." This momentum transport is in fact to the right on both shores, i.e., shoreward on the right and offshore on the left. However, its net effect is to displace the left-hand jet somewhat offshore and to stabilize the right-hand jet against the shore, without interfering very significantly with the overall flow pattern.
Possibly other nonlinear or more complicated effects also contribute to the maintenance of anticlockwise mean circulation in enclosed bodies of water, but we have not been able to identify any that were quantitatively significant. By contrast, the surface heating-Ekman drift coupling of air and water should be able to maintain a significant circulation amplitude, as shown by the calculations below.
Quantitative considerations
To calculate the "typical" magnitude of the cross-wind temperature gradient, w ue assume that the wind has blown long enough from a constant direction to establish equilibrium between surface heating and advective heat transport in the water, i.e. . 3a) , are of a similar magnitude to several times greater. In the absence of surface heating, temperature contrasts in a cross-wind direction are also observed, although they tend to be somewhat smaller; in Lake Ontario, these effects are of the order of 1? across the 70-km wide lake. An examination of successive surveys suggests that these temperature differences are caused by intermittent upwelling of cold water on the left-hand shore, followed by some horizontal mixing.
The wind-stress differences corresponding to temperature contrasts of the above order of magnitude may be estimated on a theoretical basis by the use of geostrophic drag coefficients presented in (46). These drag coefficients are functions of two nondimensional parameters, the surface Rossby number and the Lettau number 
Concluding remarks
To sum up briefly, we have presented a possible physical mechanism to explain the observed universal tendency toward counterclockwise circulation in northern hemisphere lakes and marginal seas. The salient parts of our argument are: (i) there is usually a temperature contrast between the right-and lefthand shore, (looking downwind), the former being warmer; (ii) the observed temperature differences are sufficient to produce cyclonic wind-stress curl of appreciable magnitude, which sets up the counterclockwise circulation. Climatic conditions allowing these physical factors to operate prevail from early spring to late fall. In midwinter, the circulation pattern should be different. In some lakes and other water bodies, this appears to be true, but the evidence is scant as most observations of circulation are made during the warmer seasons. The rotation of the earth is involved in the establishment of the temperature contrast across wind, either through Ekman drift to the right, or the production of an upwelling on the left. In the southern hemisphere the opposite circulation should be observable. Unfortunately, as we remarked before, evidence on this point is insufficient to confirm our reasoning.
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